We have used structure-based design techniques to introduce the drug O 2 -[2,4-dinitro-5-(N-methyl-N-4-carboxyphenylamino) phenyl] 1-N,N-dimethylamino)diazen-1-ium-1,2-diolate (PABA/NO), which is efficiently metabolized to potentially cytolytic nitric oxide by the isoform of glutathione S-transferase, an enzyme expressed at high levels in many tumors. We have used mouse embryo fibroblasts (MEFs) null for GST (GST Ϫ/Ϫ ) to show that the absence of GST results in a decreased sensitivity to PABA/NO. Cytotoxicity of PABA/NO was also examined in a mouse skin fibroblast (NIH3T3) cell line that was stably transfected with GST and/or various combinations of ␥-glutamyl cysteine synthetase and the ATP-binding cassette transporter MRP1. Overexpression of MRP1 conferred the most significant degree of resistance, and in vitro transport studies confirmed that a GST-activated metabolite of PABA/NO was effluxed by MRP1 in a GSHdependent manner. Additional studies showed that in the absence of MRP1, PABA/NO activated the extracellular-regulated and stress-activated protein kinases ERK, c-Jun NH 2 -terminal kinase (JNK), and p38. Selective inhibition studies showed that the activation of JNK and p38 were critical to the cytotoxic effects of PABA/NO. Finally, PABA/NO produced antitumor effects in a human ovarian cancer model grown in SCID mice.
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Glutathione S-transferases (GSTs) are a family of enzymes that promote the conjugation of the sulfur atom of glutathione (GSH) to an electrophilic center of endogenous and exogenous compounds, thereby increasing their aqueous solubility and subsequent excretion (Armstrong, 1997) . The efflux of GS-conjugates from the cell is achieved by multidrug resistance-associated protein (MRP1), a member of the ATP-binding cassette transporter superfamily (Cole et al., 1992) . GSTs constitute one component of the maintenance of cellular GSH homeostasis. In turn, intracellular GSH contributes toward redox balance, and the variety of pathways that synthesize or use GSH influence this homeostasis. The isozyme GST is a widely studied member of this family because its expression is frequently elevated in many human tumors and is involved in the development of resistance to several anticancer drugs (O'Brien and Tew, 1996; Townsend and Tew, 2003) . Such factors have contributed to the recent efforts to target GSTs as a primary objective in the drug discovery process (Rosario et al., 2000; Townsend et al., 2002) .
We seek to turn GST overexpression to the tumor's disadvantage by designing substrates that release the established cytolytic agent nitric oxide (NO) on metabolism by GST. The compounds we are exploring with this goal in mind are the O 2 -aryl diazenium diolates, electrophilic species shown (Saavedra et al., 2001 ) to transfer their aryl groups to attacking nucleophiles with cogeneration of ions that spontaneously release NO at physiological pH (Fig. 1 ). If these agents do in fact produce abundant NO selectively within the tumor, they could contribute to chemotherapy by: arylating This project was funded in part through National Cancer Institute contract N01-CO12400 and by National Institutes of Health grant CA53893 (to K.D.T.).
The content of this publication does not necessarily reflect the views or policies of the Department of Health and Human Services. Mention of trade names, commercial products, or organizations does not imply endorsement by the U.S. Government. and thus irreversibly consuming intracellular GSH; inhibiting DNA synthesis; showering the overexpressing, highly metabolizing cells and their neighbors with toxic reactive nitrogen/oxygen intermediates; and inhibiting enzymes capable of preventing or repairing cellular damage. An example of such an agent is JS-K, recently shown to suppress the growth of human leukemia and prostate cancer xenografts in mice. However, JS-K was found to react with GSH to produce NO an order of magnitude more rapidly under catalysis by the GST␣ than by GST (Shami et al., 2003) . We have been working to reverse this order of reactivity, with the goal of improving our ability to target potentially cytotoxic NO to the tumor while avoiding collateral injury of normal tissue in which the prevalent ␣ isoform is required for maintenance of cellular homeostasis.
Herein, we describe the structure-based design of PABA/ NO, an NO-releasing prodrug that is metabolized more efficiently by GST than by GST␣. We show further that PABA/NO and/or its metabolites cause the activation of the extracellular-regulated and stress-activated protein kinases. The parent drug and/or its metabolites can be actively effluxed by MRP1, a transporter that provides resistance to the NO-mediated effects of PABA/NO. Overall, these data imply that cells with high levels of GST, but low MRP1 content, may be ideal targets for induction of cytotoxicity.
Materials and Methods
Molecular Modeling for the Design of PABA/NO. The Meisenheimer complexes formed by GSH and PABA/NO for GST and GST␣ were built based on those for JS-K (Shami et al., 2003) . The models were subject to geometry optimization and docked into the active sites of GST (Prade et al., 1997) and GST␣ (Sinning et al., 1993) , respectively. Model building was carried out with computer graphics program O (Jones and Kjeldgaard, 1997) and energy minimization with Crystallography & NMR System software (Brü nger et al., 1998) . Illustrations were generated with software packages Grasp (Nicholls et al., 1991) , Molscript (Kraulis, 1991) , and Raster3D (Merritt and Bacon, 1997) .
Preparation of 4-[N-(2,4-Dinitro-5-fluorophenyl)-N-methyl-]aminobenzoic acid. A solution of 2.5 g (0.0123 mol) of 1,5-difluoro-2,4-dinitrobenzene in 25 ml of tetrahydrofuran (THF) was placed in a 100-ml round-bottomed flask. To this was added 2.6 g (0.025 mol) of anhydrous sodium carbonate. To the stirred mixture was added a solution of 1.86 g (0.0123 mol) of 4-(N-methylamino)benzoic acid in 12 ml of THF. The reaction mixture was stirred for 48 h at room temperature. The THF was removed on a rotary evaporator, and the residue was taken up in dichloromethane and washed with water. The organic solution was dried over sodium sulfate, filtered through magnesium sulfate, and evaporated under vacuum to give 3.6 g of the desired product as an orange solid, which was recrystallized from ethanol: m. , 50.16; H, 3.01; N, 12.53. Found: C, 50.16; H, 3.02; N, 12.46 .
Preparation of PABA/NO. To a partial solution of 2.6 g (7.7 mmol) of 4-[N-(2,4-dinitro-5-fluorophenyl)-N-methyl]aminobenzoic acid in 10 ml of THF and 10 ml of tert-butyl alcohol was added 10 ml of 5% aqueous sodium bicarbonate. A solution of 1.4 g (0.016 mol) of sodium 1-(N,N-dimethylamino)diazen-1-ium-1,2-diolate in 10 ml of 5% sodium carbonate was added dropwise, and the resulting mixture was stirred at room temperature for 72 h, concentrated under vacuum, and extracted with aqueous sodium bicarbonate. The aqueous portion was washed with dichloromethane, acidified with 10% aqueous hydrochloric acid, and extracted with dichloromethane. The organic solution was dried as described above and evaporated under vacuum to give 1. , 3.84; N, 19.99. Found: C, 45.61; H, 3.88; N, 19.90 .
It should be noted that PABA/NO showed a tendency to remain supersaturated in aqueous solutions, only to separate unexpectedly from the aqueous phase as a fine precipitate. At 37°C in pH 7.4 phosphate buffer, the apparent maximum solubility was 1.7 M. (Shami et al., 2003) . B, GST␣ in complex with the Meisenheimer complex of JS-K (Shami et al., 2003) . C, GST in complex with the Meisenheimer complex of PABA/NO (this study). D, GST␣ in complex with the Meisenheimer complex of PABA/NO (this study). In C and D, the N-methyl-N-(p-carboxyphenyl) amino group is highlighted with black sticks (bonds). Determination of Metabolism and NO Release from PABA/NO by Human GSTs. Purified preparations of recombinant human GST␣ and GST were obtained from PanVera (Madison, WI). All other chemicals were from Sigma (St. Louis, MO). The activity of GSTs toward 1-chloro-2,4-dinitrobenzene was determined as described by Habig et al. (1974) , before activity measurements with PABA/NO to ensure that the enzyme preparations were catalytically fully active. For activity measurement toward PABA/NO, the 1-ml reaction mixture at 37°C contained 100 mM potassium phosphate buffer, pH 7.4, 0.2 to 1 mM GSH, 1 M PABA/NO, and an appropriate amount of GST isoenzyme protein. The reaction was started by the addition of PABA/NO, and the rate of reaction was monitored by measuring the decrease in absorbance of PABA/NO at 315 nm accompanying its reaction with GSH as well as the accumulation of GS-adduct at 322 nm.
Chemiluminescence detection and quantification of NO evolving from the reactions of PABA/NO, and JS-K for comparison, were conducted using an NO-specific chemiluminescence detector (Thermal Energy Analyzer model 502A; Thermedics, Analytical Instrument Division, Waltham, MA) essentially as described previously (Keefer et al., 1996) . Briefly, 1.8 ml of 100 mM potassium phosphate buffer, pH 7.4, was sprayed with inert gas until a steady detector response was established. GSH and GSTs in 100 l of buffer were added to a final concentration of 200 M GSH and 0.5 g of GST in 2 ml, as indicated. The NO release profile was followed at 37°C for 10 to 20 min after injecting PABA/NO at a final concentration of 0.5 M to start the reaction. The resulting curve was integrated to quantify the amount of NO released per mole of drug. Identical conditions were used for JS-K except that 2.5 g of GST per 2 ml was used. Of a theoretical yield of 2 mol per mole, GST released 0.56 mol of NO per mole of PABA/NO, whereas the same amount of GST␣ released only 0.11 mol/mole. JS-K under the same conditions had the reverse enzyme activity; GST released 0.11 mol of NO per mole of JS-K, whereas GST␣ released 0.61 mol NO/mol.
Materials and Cell Lines. Generation of GST Ϫ/Ϫ mice, extraction of the MEF cell lines from GST ϩ/ϩ and GST Ϫ/Ϫ mice, and details of the transfected NIH3T3 cell lines were described previously (Henderson et al., 1998; Rosario et al., 2000; Ruscoe et al., 2001) . Cell lines were maintained in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 100 g/ml streptomycin, 100 U/ml penicillin, and 2 mM L-glutamine at 5% CO 2 and 37°C. [ 3 H]Leukotriene C 4 (LTC 4 ) was purchased from PerkinElmer Life and Analytical Sciences (Boston, MA). Unlabeled LTC 4 , ATP, creatine phosphate, and creatine phosphokinase were obtained from Sigma Chemical Co. (St. Louis, MO). The mitogen-activated protein kinase inhibitors SP600125, SB202190, and U0126 were obtained from Calbiochem (La Jolla, CA). GSH (reduced) was obtained from MP Biomedicals (Aurora, OH).
Preparation of Plasma Membrane Vesicles and Transport Studies. Membrane vesicles were prepared by the nitrogen cavitation method as described previously (Cornwell et al., 1986) , frozen in liquid nitrogen, and stored at Ϫ80°C until use. Transport experiments were performed using the rapid filtration method as described previously (Leier et al., 1996) . Experiments were carried out in transport buffer containing 30 g of membrane vesicles, 0.25 M sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , 4 mM ATP, 10 mM phosphocreatine, 100 g/ml creatine phosphokinase, and 50 nM [ 3 H]LTC 4 , with or without unlabeled substrate, in a total volume of 50 l. Reactions were carried out at room temperature and stopped by the addition of 1 ml of ice-cold stop solution (0.25M sucrose, 100 mM NaCl, and 10 mM Tris-HCl, pH 7.4). Samples were passed, under vacuum, through 0.22-m Durapore membrane filters (Millipore, Bedford, MA) pre-equilibrated in transport buffer. The filters were washed twice with 3 ml of ice-cold stop solution. Radioactivity was measured by the use of a liquid scintillation counter.
Protein Purification of GST. The cDNA encoding the human GSTP1-1 was obtained by American Type Culture Collection (Manassas, VA) and amplified as described previously (Chang et al., 1999) . The polymerase chain reaction product (650 bp) was ligated into the pCRT7-TOPO vector and transformed into TOP10FЈ Escherichia coli cells. Plasmid DNA from a positive transformant was isolated and sequenced. The construct was transformed into Escherichia coli (strain BL-21) and expressed in Luria broth medium containing 50 g/ml ampicillin and 1 M isopropyl ␤-D-thiogalactoside. Recombinant GST protein was purified using a standard Ni 2ϩ column for His-tagged proteins and dialyzed against 2 liters of 50 mM Tris-HCl buffer, pH 7. The purified protein was confirmed by a single polypeptide band of 23 kDa on a Coomassie-stained SDSpolyacrylamide gel as well as by Western blot analysis using an anti-human GST antibody from BD Transduction Laboratories (Lexington, KY) (data not shown).
Immunoblot Analysis. After treatment, cells were collected and washed twice in ice-cold phosphate-buffered saline. Pellets were resuspended in lysis buffer (20 mM Tris-HCl, pH 7.5, 15 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, and 1 mM ␤-glycerophosphate) and incubated for 30 min on ice. Phosphatase inhibitors (5 mM NaF and 1 mM Na 3 VO 4 ) and 1ϫ protease inhibitor cocktail (Sigma) were added fresh to the lysis buffer. Lysates were sonicated for 10 sec and centrifuged for 30 min at 10,000g at 4°C. Protein concentrations were assayed with the Bradford reagent (Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein were separated on 10% SDS-polyacrylamide gels and transferred overnight onto nitrocellulose membranes (Bio-Rad). Protein expression was determined using specific primary and secondary antibodies. Briefly, after transfer, membranes were incubated in 10% blocking buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% bovine serum albumin, 0.1% Tween 20, 1ϫ protease inhibitors (Sigma), 5 mM NaF, and 1 mM Na 3 VO 4 ) for 30 min at room temperature then further incubated with various antibodies diluted in 5% blocking buffer for 1 h. Antibodies were purchased from the following sources: anti-active-c-Jun N-terminal kinase (JNK) and -p38 (Promega, Madison, WI); phospho-specific extracellular signal-regulated kinase (ERK) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-JNK2 (BD Biosciences PharMingen, San Diego, CA); anti-p38 and anti-ERK2 (Santa Cruz Biotechnology). The blots were washed and incubated with the appropriate secondary antibodies, conjugated with horseradish peroxidase, in 5% blocking buffer for 1 h, washed, and developed with ECL detection reagents (Amersham Biosciences).
Protein Nitration. After treatment, cells were lysed in hot 2ϫ SDS sample buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, and 20% glycerol) and boiled for 10 min. After centrifugation at room temperature for 10 min at 10,000g, 1.5-l (5-10 g) samples were spotted onto a nitrocellulose membrane, left to dry, and probed as described above in immunoblot analysis using the anti-nitrotyrosine antibody from Upstate Biotechnology (Lake Placid, NY).
Cytotoxicity Assays. Cells were plated onto 24-well plates at a density of 100,000 cells per well in 1 ml of medium. After attachment, increasing concentrations of drug were added and the cells were maintained in drug for 48 h. After this period of drug exposure, cell survival was determined using a Guava personal cytometer (Guava Technologies) according to the manufacturer's instructions. Annexin V Assay. Cells were plated onto six-well plates at a density of 200,000 cells/well in 2 ml of medium. The next day, increasing concentrations of drug were added to the cells for 2 h. Cells were collected by trypsinization and pelleted by centrifugation for 10 min at 500g at 4°C. After washing with 1 ml of ice-cold 1ϫ Nexin buffer (Guava Technologies), cells were resuspended in 100 l of Nexin buffer. After labeling with Annexin V-phycoerythrin and 7-amino-actinomycin, the proportion of live, apoptotic, and necrotic cells was determined on a Guava Personal Cytometer (Guava Technologies, Hayward, CA) according to the manufacturer's instructions.
In Vivo Tumor Experiments. Six-week-old female SCID mice were obtained from and housed in the Animal Resource Facility of the Fox Chase Cancer Center. Animal care was provided in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory Animals (NIH Publication 86-23, 1985) . Food and water were provided ad libitum. For the injections, 0.5 ϫ 10 6 cells (A2780) were resuspended in phosphate-buffered saline, mixed 1:1 in Matrigel (BD Biosciences) and injected subcutaneously into the flanks. Each mouse received one injection in each flank. Twenty-four mice were injected with A2780 human ovarian cancer cells. After the cells were injected both sets of mice were divided into three groups of eight mice each. Group 1 received weekly s.c. injections of 2.5 mg/kg cisplatin, group 2 received biweekly injections of 3.36 mg/kg PABA/ NO, and group 3 received biweekly injections of 0.8% DMSO. The mice were weighed weekly. Tumor size was measured biweekly with calipers. The animals were sacrificed 6 to 7 weeks after the tumor cells were injected.
Data Analysis. Tumor volume was calculated using the formula: width ϫ length ϫ [(width ϫ length)/2] ϫ 0.5236. Mean values and S.E. were computed for each group. These data were analyzed for statistically significant differences between groups with Student's t test. Differences were considered statistically significant if the p was Ͻ0.05.
Results
Unlike JS-K, PABA/NO Is Metabolized to NO Efficiently by GST. JS-K is a much better substrate for GST␣ than GST (Shami et al., 2003) . We attempted to reverse the isoenzyme preference of JS-K and develop a GST-selective JS-K derivative. Molecular modeling of the Meisenheimer complex formed in GST-catalyzed addition of GSH to JS-K (Shami et al., 2003) suggested that replacing the piperazine ring of JS-K with a smaller amino group might improve its accommodation in the active center of GST ( Fig. 2A) , whereas adding a sterically demanding group at the 5-position of the 2,4-dinitrophenyl ring should diminish its suitability as a GST␣ substrate (Fig. 2B ) and, at the same time, further improve its accommodation in the active center of GST ( Fig. 2A) . PABA/NO was thus designed on the basis of JS-K with its piperazine system substituted by a dimethylamine and the addition of an N-methyl-N-(p-carboxyphenyl) group at the 5-position of the 2,4-dinitrophenyl ring (Fig. 1A) . As illustrated in Fig. 2 (C and D) , GST accommodates the Meisenheimer complex of PABA/NO very well, but GST␣ seems to have serious steric conflicts with the N-methyl-N-(p-carboxyphenyl) group of the transition state complex. Based on molecular modeling, we predicted that GST should be more effective than GST␣ for catalyzing the GSH conjugation of PABA/NO. This prediction was confirmed by synthesizing PABA/NO and studying its reactivity with GSH in the presence of the two GSTs. Whereas the yields of NO in the metabolism of JS-K by GST␣ and were 30% and 5%, respectively, those seen with PABA/NO under the same conditions (except for the GST concentration-see Materials and Methods) were 5% and 30%, respectively. The results are consistent with the conclusion of the modeling studies that PABA/NO is metabolized much better by GST than by GST␣; thus, the isoenzyme preference of JS-K is reversed by molecular modifications based on the structural information of the transition state.
GST Is Involved in the Cytotoxicity of PABA/NO. To assess the importance of GST in determining PABA/NO's activity, a mouse embryo fibroblast (MEF) cell line null for GST (GST Ϫ/Ϫ ) was tested for sensitivity to PABA/NO and compared with the parental wild-type strain (GST ϩ/ϩ ). The IC 50 value of the GST ϩ/ϩ cells was 26 Ϯ 13 M and was significantly lower than that of the GST Ϫ/Ϫ cells (39 Ϯ 15 M), resulting in an approximate 2-fold increase in resistance to PABA/NO in the GST Ϫ/Ϫ cells (Fig. 3) . This result is consistent with our previous data with another GSTactivated prodrug, TLK286 (Rosario et al., 2000) . MRP1 Protects Cells from PABA/NO Cytotoxicity. To characterize further the cytotoxic effects of PABA/NO, we studied the effects of the drug on cells stably transfected with various components of the GSH detoxification pathway . Stable transfected lines contained GST and/or ␥-GCS (regulatory plus catalytic subunits) and/or MRP1. Table 1 shows a summary of the IC 50 values obtained for PABA/NO in the various transfectant cell lines. Whereas the greatest enhancement in resistance to PABA/NO was conferred by MRP1 expression alone (4.6-fold), both GST and ␥GCS expression influenced the re- sponse. For example, GST caused a slight increase in sensitivity, whereas ␥GCS gave a 1.5-fold increase in resistance, although the differences were not found to be significant statistically (p Ͼ 0.05). Indeed, a significant increase in resistance was found only when both ␥GCS and GST were overexpressed (11 Ϯ 1.5 versus 19 Ϯ 2.1 M), which could be caused by an increase in the cell's defenses against NO. Increased intracellular GSH levels result from ␥GCS overexpression , and this influences the transport properties of MRP1 (Karwatsky et al., 2003) . In combination with MRP1, GST produced an abrogation of resistance, although again this was not found to be statistically significant compared with the overexpression of MRP1 alone (p Ͼ 0.05). However, the overexpression of ␥GCS in combination with MRP1 led to an increase in sensitivity to PABA/NO compared with MRP1 alone. The levels of MRP1 may be the rate-limiting factor in this case; therefore, the increase in endogenous levels of GSH may increase the rate of NO release from PABA/NO, which overcomes the rate of efflux by MRP1.
The effects of PABA/NO were also determined by the Annexin V assay. The data show that PABA/NO causes apoptosis in cells after only a short exposure to the drug (Fig. 4) . The proposed mechanism of action for PABA/NO is the production of NO formed from the release of the NONOate by GST (Fig. 1A) . To investigate the possible cytotoxic effects of the parent 'carrier' molecule, cytotoxicity assays were performed on the proposed 'nontoxic' by-product (JS-39-94) of PABA/NO (Fig. 1B) . The IC 50 value of NIH3T3 wild-type (WT) cells after treatment with JS-39-94 was 248 Ϯ 10.1 M and was significantly higher than that of the same cells treated with PABA/NO (11 Ϯ 1.5 M). This gives a Ͼ20-fold less toxic effect for JS-39-94 compared with the full drug, suggesting that the release of NO is responsible for cell death.
PABA/NO Treatment Leads to Protein Nitration. Reactive nitrogen/oxygen species can covalently modify a variety of biomolecules. A primary product of protein nitration is nitrotyrosine, the consequence of stable modification of tyrosine residues by NO in a suitably oxidizing environment (Tien et al., 1999) . Because a proposed mechanism for cytotoxicity of PABA/NO is the release of NO, we sought to determine whether cells exposed to PABA/NO resulted in an increase in protein nitration. To investigate this, cells were exposed to PABA/NO in both a time-and dose-dependent manner. Entire cell lysates were extracted, and protein nitration was confirmed by dot blot analysis using an antinitrotyrosine antibody. Our data show an increase in protein nitration in both a dose-and time-dependent manner in NIH3T3 (WT) cells after drug treatment; in MRP1 transfected cells (3T3/MRP1), however, lower amounts of nitration were observed (Fig. 5 and data not shown) . These data and subsequent transport assays (see below) suggest that the decrease in intracellular protein nitration in MRP1-overexpressing cells can be attributed to enhanced efflux of PABA/NO by the transporter.
Activation of JNK, p38, and ERK by PABA/NO. Three groups of mammalian mitogen-activated protein kinases include the ERKs, the JNKs, and p38 (Boulton et al., 1991; Kyriakis et al., 1994; Lee et al., 1994) . Each may be activated (i.e., phosphorylated) in response to diverse stimuli, but all three respond to treatment with NO (Lander et al., 1996; Camps et al., 1998) . As such, the phosphorylation and therefore the activation status of JNK, p38, and ERK were investigated in NIH3T3 WT and MRP1-overexpressing (MRP1) cells after drug treatment. Figure 6 shows that PABA/NO treatment resulted in both a time-(A) and dose-dependent (B) catalytic activation of JNK, p38, and ERK in these cells, whereas the total protein for each kinase was not altered. Although the response of each kinase was different, collective analysis of the data shows a Ͼ8-fold increase in activation of each of these pathways, at some point within the dose and molpharm.aspetjournals.org time response to PABA/NO. These data imply a link between kinase activation and pharmacological activity. Although the higher drug concentrations were cytotoxic, the short-term treatment schedules ameliorated any concern of a primary cytotoxic event.
The activation of ERK, p38, or JNK, as measured by phosphorylation via Western blot analysis, was decreased or not detected in cells that over-expressed MRP1 (Fig. 6) . No more than a 2-fold increase in activation of the pathways was detected after treatment with PABA/NO either with time or dose in cells that overexpressed MRP1, with the exception of the p38 pathway, which showed a maximal 5-fold increase in activation in response to time. However, this activation was still significantly lower than that observed in the parental WT cells. These data provide further evidence that PABA/NO and/or its metabolites are effectively effluxed by MRP1 before kinase activation.
JNK and p38 Inhibitors Confer Resistance to PABA/ NO. The data generated suggest a plausible role for ERK, JNK, or p38 activation in the cytotoxic effects of PABA/NO. To examine this link, specific kinase inhibitors, SP600125 (JNK) (Bennett et al., 2001 ), SB202190 (p38) (Lee and Young, 1996) , and U0126 (mitogen-activated protein kinase kinase/ERK) (Favata et al., 1998) were tested in combination with PABA/NO. Table 2 shows that inhibition of JNK (SP600125) and p38 (SB202190) resulted in a significant decrease in the cytotoxic effects of PABA/NO (IC 50 , 17.3 Ϯ 2.8 and 16.1 Ϯ 1.5 M, respectively) compared with PABA/NO alone (IC 50 , 9.8 Ϯ 1.9 M). U0126 caused no significant change in the IC 50 value. These data suggest that both JNK and p38, but not ERK, influence the cytotoxic effects of PABA/NO, and the diminished activation of these two proteins is consistent with the resistant phenotype observed in the MRP1-overexpressing cells.
PABA/NO Inhibits LTC 4 Transport. The expression of MRP1 enhances the resistance to PABA/NO (Table 1) . A plausible explanation for this result is that MRP1 can efflux PABA/NO or a metabolite thereof responsible for its cytotoxicity. Because radiolabeled PABA/NO is unavailable, this hypothesis was investigated by competition studies with LTC 4 , whose GS-conjugate is a substrate with high affinity for MRP1 (Leier et al., 1994) . Inside-out membrane vesicles were prepared from NIH3T3/MRP1 cells, and ATP-dependent uptake of [ 3 H]LTC 4 was measured as a function of time (Fig. 6) PABA/NO and GSH were added together (0.22 versus 0.03 pmol/mg; Fig. 6A ). These data suggest that activation of PABA/NO is required for LTC 4 transport inhibition. In support of this hypothesis, Fig. 6B shows that the addition of GST with PABA/NO and GSH potentiates the inhibitory effect of PABA/NO and GSH (0.56 versus 0.35 pmol/mg). These data are consistent with the activation of the drug by GST as well as the efflux of a GS-conjugate by MRP1. PABA/NO Treatment Delays Tumor Growth in SCID Mice. We compared the efficacy of PABA/NO and cisplatin in SCID mice using human ovarian cancer cell line A2780. This cell line, when transplanted into mice, maintains a level of expression of GST equivalent to that seen in human ovarian tumors, in which GST is the major isoform present in most cases (Schisselbauer et al., 1992) . Figure 8 shows the tumor growth rate over 44 days after DMSO, cisplatin, or PABA/NO treatment. Analysis of the growth rate showed that cisplatin and PABA/NO treatment resulted in a significant growth delay compared with DMSO-treated animals (p Ͻ 0.05). Tumors in the DMSO-treated animals reached an average volume of 2.57 Ϯ 0.84 cm 3 in 44 days, whereas tumors in the PABA/NO treatment group reached 0.37 Ϯ 0.11 cm 3 in 44 days. The significant growth delay (p Ͻ 0.05) observed in the PABA/NO treatment versus DMSO is comparable with cisplatin treatment, where average volume was 0.28 Ϯ 0.06 cm 3 at the same time point (Fig. 8) .
We analyzed the potential toxicity of PABA/NO with respect to weight loss and renal function. No statistical difference was observed in the average percentage change in body weight from day 1 to day 45 in PABA/NO (106% Ϯ 0.07 increase) versus DMSO (115% Ϯ 0.08 increase). Renal damage was assessed by measuring serum creatinine levels and found to be equivalent in animals treated with PABA/NO and DMSO (data not shown). These data suggest that PABA/NO treatment has an effective anticancer activity in a human ovarian cancer xenograft model with no corresponding weight loss or renal toxicity.
Discussion
The frequent occurrence of high GST expression levels in a variety of human cancers and its emergence in drug-resistant disease has led to a targeting of this enzyme for drug development. This fact, together with the knowledge that NO has therapeutic potential, provided a rationale for the design of the NO-releasing GST-activated prodrug, PABA/NO. The GST-catalyzed conjugation of GSH to the parent molecule of PABA/NO is proposed to release a diazeniumdiolate ion, leading to the subsequent release of NO (Fig. 1) . The principle of GST activation of prodrugs has been successfully applied elsewhere. For TLK286, the sulfhydryl of the GSH conjugate has been oxidized to a sulfone. The active site of GST has a critical tyrosine residue that promotes a ␤-elimination reaction cleaving the drug and releasing an alkylating phosphorodiamidate (Lyttle et al., 1994) . TLK286 is the first member of GST-activated prodrugs and has achieved successful preclinical and clinical development (Townsend et al., 2002; Rosen et al., 2003) . TLK286 differs from PABA/NO in the activation of the parent compound. Other NO donors of the diazeniumdiolate class are known to release NO in an enzyme-catalyzed manner, with activation by cytochrome P450 (Saavedra et al., 1997) or esterases (Saavedra et al., 2000) as opposed to the here proposed use of GSTs. The proposed mechanism of activation of PABA/NO is through the GST-catalyzed formation of a GS-conjugate (Fig. 1) .
To establish PABA/NO as a GST-activated prodrug, we used a cell model system established from GST Ϫ/Ϫ mice (Henderson et al., 1998) . In the absence of GST expression we showed a decreased sensitivity of GST Ϫ/Ϫ MEFs to PABA/NO. These data are consistent with previous results confirming the specific activation of TLK286 (Rosario et al., 2000) . Although the quantitative effect is not large, cytotoxicity will be influenced by the fact that GST Ϫ/Ϫ cells express other isoforms of GSTs that may activate PABA/NO at less efficient rates. In addition, slow spontaneous activation of PABA/NO may occur through noncatalytic GSH conjugation. Other components involved in the GST detoxification pathways were analyzed in a second model system with stably transfected NIH3T3 cell lines overexpressing GST, ␥GCS, and MRP1. This system confirmed the role of GST and GSH in the activation of PABA/NO. Forced expression of ␥GCS and MRP1 gave insight into a potential mechanism of resistance toward PABA/NO. Specifically, the greatest increase in resistance to PABA/NO was conferred by MRP1 transfection. Such data support the hypothesis that MRP1, an efflux pump with affinity for GS-conjugates, is involved in the removal of PABA/NO and/or an active metabolite(s). Inside-out MRP1 vesicles provide a means to study this concept further. Radiolabeled PABA/NO (or its metabolites) is not available, and this promoted an effort to study inhibition of transport of a GS-conjugate and known substrate of MRP1, LTC 4 . Inhibition of LTC 4 transport was observed in the presence of both PABA/NO and GSH but not with either substrate alone. Additional studies confirmed that GST further stimulated PABA/NO-induced inhibition of LTC 4 transport and, together with the previous data, suggest that the active breakdown products of PABA/NO are substrates for, and are effluxed by, MRP1. When viewed with the data showing that overexpression of MRP1 prevents activation of the extracellular-regulated and stress-activated protein kinase cascades, these results affirm that MRP1 is an important resistance factor for PABA/NO. Whether in situ cellular resistance to PABA/NO can be mediated by increased expression of MRP1 will be answered by selection of a resistant cell line, a project that is currently under development.
The efficacy of PABA/NO was confirmed in vivo using a human ovarian cancer model in SCID mice. We have shown that a nontoxic dose of PABA/NO leads to a significant growth delay. The difference in tumor volume after 44 days was nearly 7-fold. These results are comparable with those seen with one of the most commonly used anti-cancer agents, cisplatin. Selective activation of PABA/NO via GST may provide a therapeutic advantage to cisplatin, because GST overexpression is associated with a decrease in platinum efficacy.
Our data show that PABA/NO induces p38, JNK, and ERK, but pathway inhibition studies indicate that p38 and JNK are the two most critical pathways through which PABA/NO (or its metabolites) exert an apoptotic effect in these cells. This observation carries greater significance, because GST has a critical function by serving as an endogenous negative regulatory switch for these same regulatory kinase pathways by binding to and inhibiting JNK activity. Mechanistically, JNK activity has been shown to be stimulated upon dissociation of the GST:JNK complex (Adler et al., 1999) . GSH peptidomimetics can interfere with proteinprotein interactions and lead to JNK activation (Adler et al., Yin et al., 2000; Wang et al., 2001) . Because of the diverse role of NO in various physiological processes, replacement or augmentation of endogenous NO by exogenous NOreleasing drugs has provided the foundation for a broad range of therapeutic applications (Napoli and Ignarro, 2003) . NO has been well documented in the modulation of the apoptotic process in a number of different cell types. The choice of inhibition or induction of cell death seems to be dependent on the amount, duration, and the site of NO production and on the cell type and state (Umansky and Schirrmacher, 2001) . In support of both cellular antioxidant and pro-oxidant actions of NO in vivo, it has been reported that low doses of NO protect cells against peroxide-induced death, whereas higher doses result in increased killing (Joshi et al., 1999) . Our data demonstrate a dose-and time-dependent effect for drug-induced activation of the kinases. MRP1 expression abrogates and/or delays the effect, primarily as a consequence of reducing the effective intracellular concentration of PABA/NO and/or its metabolites. The threshold for direct NO-mediated effects can be altered by MRP1 expression. Whether kinase activation occurs as a result of direct NO interaction (e.g., nitrosylation/nitration of residues in JNK) or is caused by the effects of PABA/NO (or metabolites including GS-NO) on the GST-JNK complex remains to be shown.
In summary, the reduction in nitrotyrosine formation and the lack of PABA/NO activation of the stress response pathways in an MRP1 over-expressing cell line identifies this transporter as one of the critical factors leading to drug resistance. Together with the inhibition of vesicle LTC 4 transport in the presence of PABA/NO, GST, and GSH, these results suggest that the active metabolites of PABA/NO effluxed by MRP1 still contain the NO moiety. Although PABA/NO is not yet a finished drug candidate, our in vitro and in vivo anti-tumor data suggest that it is a good lead compound for further structure activity and drug discovery efforts.
